Photodynamic therapy is useful for the treatment of cancer because it is minimally invasive for patients. Certain porphyrin compounds and their derivatives have been used as the photo sensitizer because they accumulate specifically in cancerous tissues. However, the detailed mechanism of this phenomenon has not been clarified. We previously reported that a proton coupled folate transporter, HCP1, transported porphyrins and that regulation of the protein was associated with cancer specific reactive oxygen species from mitochondria (mitROS). Therefore, over generation of mitROS could increase HCP1 expression and the effect of photodynamic therapy. We investigated whether pretreatment with indomethacin influenced photodynamic therapy by using a rat normal gastric mucosal cell line, RGM1, its cancer like mutated cell line, RGK1, and a manganese superoxide dismutase (MnSOD) overexpressing RGK cell line, RGK MnSOD. Indomethacin promotes the generation of cellular mitROS by inhibiting the electron trans port chain, and MnSOD scavenges the mitROS. We elucidated that indomethacin enhanced cancer specific mitROS generation and increased HCP1 expression. Furthermore, RGK1 cells showed higher cellular incorporation of hematoporphyrin and better therapeutic effect with indomethacin treatment whereas RGK MnSOD cells did not show a difference. Thus, we concluded that indomethacin improved the effect of photodynamic therapy by inducing increased mitROS generation in cancer cells.
Introduction A ging is a severe social problem, particularly in developed countries. In these nations, neoplasia is one of the most common causes of death. Many treatment modalities such as molecularly targeted drugs have been proposed, but no single agent delivers complete remission. Although combined surgical intervention and radiation may facilitate achievement of this goal, old-age patients are often unable to tolerate these treatments because of impaired function of important organs such as the heart, lung, liver, and kidneys, and they succumb to the disease. Therefore, aged patients desire minimally invasive therapy.
Photodynamic therapy (PDT) is a treatment for cancer patients that uses photosensitizers that accumulate preferentially in neoplastic cells.
(1) Radiation of the intracellular photosensitizers with a laser of ideal wavelength causes generation of singlet oxygen, which induces oxidative stress-induced apoptosis of cancer cells. (2) Because of less bleeding and damage in normal tissues, this therapy is now attracting attention as a cancer treatment for aged persons. A key factor in the success of this therapy is the accumulation of the cancer-specific photosensitizer.
(3) Therefore, a reagent that accelerates this phenomenon is desired. We have previously reported that a heme-transport protein, heme carrier protein 1 (HCP1), played an important role in inducing cancer-specific porphyrin accumulation. (4, 5) Moreover, we have also reported that PDT effects were accelerated by high concentrations of cancer-specific reactive oxygen species from mitochondria (mitROS), which involved overexpression of HCP1. (6) This association with the signaling pathways occurs because the mitROS are involved in the activation of transcriptional factors. Thus, a reagent that accelerates mitROS concentration may increase the efficacy of PDT via overexpression of HCP1.
We have also reported that non-steroidal anti-inflammatory drugs (NSAIDs), especially indomethacin (IND), cause uncoupling in the electron transport system to generate mitROS in normal gastric epithelial cells. (8, 9) IND has been widely used as an antipyretic analgesic, and its properties are well understood. Although the drug is known for causing gastrointestinal damage, this side effect can be prevented because the pharmaceutical mechanisms of NSAIDs have been completely revealed. (10) Therefore, IND may be pre-administered to induce upregulation of HCP1 by excess generation of mitROS to enhance PDT effects in gastric cancer with few complications. In this study, we thus investigated whether IND may be a useful agent for enhancing PDT effects in gastric cancer with four gastric epithelial cell-lines.
Materials and Methods
Cell lines. We established previously and used the following four cell lines: a rat normal gastric mucosal cell line, RGM1, its cancer-like mutated cell line, RGK1, a manganese superoxide dismutase (MnSOD)-overexpressing RGK cell line, RGKMnSOD and a plasmid without MnSOD cDNA transfected (vector alone) cell line, RGK-vector. (11, 12) Because MnSOD expresses in the mitochondrion to specifically scavenge mitROS, MnSODoverexpressing cells enable investigation of the influence of mitROS.
Cell culture. RGM1 was cultured in DMEM/F12 with Lglutamine (Life Technologies Co., Carlsbad, CA) and RGK cell lines were cultured in DMEM/F12 without L-glutamine. These media included 10% inactivated fetal bovine serum (Biowest LLC, Kansas City, MS) and 1% penicillin and streptomycin (Life Technologies). All cells were cultured in atmospheric air with 5% CO 2 at 37°C.
Cell viability assay. Cytotoxicity of IND was examined A using a Cell Counting Kit 8 (DOJINDO LABORATORIES, Kumamoto, Japan) colorimetric assay, a water-soluble tetrazolium (WST)-8 assay. Cells were seeded on a 96-well cell culture plate at a density of 1 × 10 4 cells/well and incubated overnight. The medium was replaced with fresh medium containing 0.1, 0.2, 0.5, 1, 2, 5, or 10 mM IND dissolved in a final concentration of 1% dimethyl sulfoxide (DMSO) and incubated for 6 h in an incubator. After incubation, cells were washed twice with PBS and the medium was replaced with fresh medium containing 10% Cell Counting Kit 8 reagent and further incubated. The absorbance at 450 nm was measured using a DTX880 multi-mode micro-plate reader (Beckman Coulter Inc., Brea, CA).
Intracellular ROS measurement using electron spin reso nance. ROS generation in cells was measured using electron spin resonance (ESR) according to previous study. (13) Cells were seeded on a glass cover slide (49 × 5 × 0.2 mm) and incubated overnight. Cells were exposed to the medium containing 1 mM IND for 1 h. Cells were immersed in respiratory buffer containing 5 mM succinate (Sigma-Aldrich Japan K.K., Tokyo, Japan), 5 mM malate (Wako Pure Chem. Ind., Ltd., Osaka, Japan), 5 mM glutamate (Sigma-Aldrich Japan K.K.), 5 mM nicotinamide adenine dinucleotide (NADH) (Sigma-Aldrich Japan K.K.), and 10 mM 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (DOJINDO). The cell-attached glass cover slide was placed on a tissue glass, and the ESR spectra were obtained by inserting the tissue glass into the device. All ESR spectra were obtained using a JEOL-TE Xband spectrometer (JEOL Ltd., Tokyo, Japan) under the following conditions: 20 mW incident microwave power, 9.42 GHz frequency, and 0.1 mT field modulation amplitude.
Immunostaining of HCP1 after IND exposure. Cells were seeded on a Lab-Tek II chamber slide (Nalge Nunc International, Rochester, NY) at a density of 2 × 10 5 cells/well. After cells were attached, the medium was changed to fresh medium containing 1 mM IND and incubated for 1 h. Cells were washed twice with PBS and further incubated for 24 h. Cells were washed twice with PBS and 4% paraformaldehyde (Sigma-Aldrich Japan K.K.) was added for fixation of cells. After 20 min incubation at room temperature, cells were washed twice and incubated in 0.25% Triton X-100 (Sigma-Aldrich Japan K.K.) prepared with PBS for 10 min. Cells were washed again with PBS, and immunostaining of HCP1 was performed using a VECTASTAIN ABC-AP Kit and Vector ® Red Alkaline Phosphatase Substrate (VECTOR LABORATORIES, INC., Burlingame, CA) according to manufacturer protocol. Briefly, cells were treated using a blocking reagent for 20 min to avoid non-specific adsorption of the primary antibody. The blocking reagent was removed, and PBS containing HCP1 antibody (Santa Cruz Biotechnology Inc., Dallas, TX), which was diluted 50-fold, was added and incubated for 30 min. Cells were washed and incubated in PBS for 5 min twice. Cells were treated with secondary antibody solution for 30 min and washed with PBS again. Then, cells were treated with the signal amplification solution for 30 min and washed with PBS. To color cells, Vector ® Red Alkaline Phosphatase Substrate reagent in 100 mM Tris-HCl buffer (pH 8.3) was added for 30 min, followed by washing with distilled water. The cells were observed and the images were obtained using an Eclipse Ti automated inverted microscope (NIKON CORPORATION, Tokyo, Japan).
HP uptake study. The amounts of hematoporphyrin (HP) incorporated in cells after exposure to IND were measured as follows. A 12-well plate was seeded with 2 × 10 5 cells per well and incubated overnight. The medium was changed to fresh medium containing 1 mM IND dissolved in DMSO, at a final concentration of 1%, and incubated for 1 h. After incubation, cells were washed twice with PBS and further incubated for 24 h. The medium was changed to fresh medium containing 20 μM HP, which was dissolved in ethanol, and incubated for 6 h. Cells were washed twice with PBS and dissolved in 100 μl self-prepared cell lysis buffer, which was constituted with 25 mM Tris-HCl solution (pH 7.6), 150 mM NaCl, 1% (v/v) Triton X-100 (Sigma-Aldrich Japan K.K.), 0.1% (w/v) sodium dodecyl sulfate (SDS) (Wako Pure Chem. Ind., Ltd.), and 0.2% (w/v) deoxycholic acid (Wako Pure Chem. Ind., Ltd.). The cell lysis solution was transferred into a 96-well plate and the fluorescence intensities at Ex. 415 nm and Em. 625 were measured using a Varioskan micro-plate reader (Thermo Fisher Scientific K.K., Kanagawa, Japan).
Evaluation of PDT effect. PDT effect after exposure to IND was evaluated according to a previous report.
(6) Cells were seeded on a 96-well plate at a density of 1 × 10 4 cells/well and incubated overnight. The medium was changed to fresh medium containing 1 mM IND and incubated for 1 h. After incubation, cells were washed twice with PBS and further incubated for 24 h. The medium was changed to the above-mentioned hematoporphyrincontaining medium and incubated for 6 h. Cells were washed twice with PBS, and fresh medium without phenol red (Life Technologies) was added. Cells were irradiated with excimer dye laser light (630 nm, 1 J/cm 3 ) using a PDT EDL-1 device (Hamamatsu Photonics K.K., Hamamatsu, Japan). After irradiation, cells were incubated for a further 24 h. The medium containing 10% Cell Counting Kit 8 was added to each well and further incubated. The absorbance at 450 nm was measured by a DTX880 multi-mode micro-plate reader.
Statistical analysis. All data are expressed as mean ± SD. Statistical analysis was performed using SPSS statistics 21 software (IBM Corporation, Armonk, NY). Tukey's test was used for comparison of more than two data sets and Student's t test for comparison of two data sets; p<0.05 and p<0.01 were considered statistically significant.
Results
Cytotoxicity of IND. Cytotoxicity of IND was examined using a cell viability assay, a WST-8 assay (Fig. 1) . Six hours exposure to IND decreased viability of all types of cells in a dosedependent manner. Viability of all types of cells gradually decreased with exposure to IND at concentrations up to 1 mM, Fig. 1 . Cytotoxicity of indomethacin (IND) was evaluated using a water soluble tetrazolium (WST) assay. Cells at a density of 1 × 10 4 cells/well were incubated in culture medium containing IND at various concentra tions for 6 h. The absorbance at 450 nm was measured and viability was calculated against cells treated with medium containing 1% DMSO. n = 4, error bar: SD. and acute cell death was observed at subsequent concentrations. Exposure to 1 mM IND resulted in cell damage in about 30% to 40% of cells, and there was no significant difference among all types of cells. Exposure to IND at concentrations over 2 mM resulted in obvious cellular damage, and almost all cells were dead at concentrations of IND greater than 5 mM.
Transformation of ESR spectra by IND. ROS generation in cells with and without 1 mM IND exposure was analyzed using ESR (Fig. 2) . The IND treatment obviously enhanced the ESR spectral intensity in cancer cells. Although exposure to DMSO also increased the spectral intensity, the difference was negligible in comparison with that in 1 mM IND treated cells. In RGK1 cells, the value of the intensity in the treatments decreased in the following order: 1 mM IND, DMSO, and control. In normal gastric cells, the intensity was moderately increased with IND treatment and showed no increase with DMSO treatment. In RGK-MnSOD cells, there was no enhancement of intensity with IND, unlike in both RGK1 and RGK-vector cells. This result suggested that the increased ROS generation with the IND treatment mainly originated from mitochondria.
Enhancement of HCP1 expression by IND. HCP1 expression after exposure to 1 mM IND was investigated using immunostaining methods. Pictures of each cell type after staining (Fig. 3a) and the relative intensities of brightness against non-treated cells (Fig. 3b) Influence of IND on PDT effect. To evaluate the effect of IND on PDT, cells were exposed to HP after IND treatment, and then irradiated with the laser light; thereafter, viabilities were investigated. Fig. 5 shows the relative cell viabilities after treatment with IND against treatment with DMSO, and that cell viabilities were significantly decreased in RGK1 and RGK-vector cells, compared with RGM1 cells. Of note, the reduction of viability in cancer cells was inhibited by overexpression of MnSOD.
Discussion
In this study, we found for the first time that a non-steroidal anti-inflammatory drug, IND, increased the targeted effects of PDT in cancer cells. Because use of IND is widespread and its properties well known, pretreatment with IND is a possible means to improving the efficacy of PDT.
IND exposure significantly increased ESR signal intensities of superoxide anion in cancer cells, whereas the increase of the intensities was less in normal epithelial cells. Although the reason for this discrepancy between the effects of IND on superoxide anion concentrations in cancer cells and normal cells remains unknown, we propose that IND may be an ideal drug for enhancing PDT effects because this reagent appears to have differing effects on cancer and normal epithelial porphyrin accumulation.
Overexpression of MnSOD suppressed the cancer-cell-specific ESR intensity increase of superoxide anion. Cells with transfection of the MnSOD gene overproduce the protein, and MnSOD proteins accumulate in the mitochondrial matrix and scavenge mitROS. (14) Therefore, comparison of cellular ROS levels between wild-type cells and MnSOD-overexpressing cells determines whether the origin of ROS is mitochondrial or not. Thus, we concluded that the increased ROS production after IND administration likely originated from mitochondria in cancer cells.
There have been several reports that dying cells generate ROS. (15, 16) The ROS detected in this study might have originated from dying cells. However, cellular viability was reduced by about 50% in all the cell types, while definite ESR spectra were observed with exposure to 1 mM IND. We thus concluded that these ESR signals originated from living cells, not dying cells.
The ROS from mitochondria are associated with the expression of HCP1. HCP1 is a solute carrier, SLC46A1, that transports both heme and folate. (17) We have previously reported that cancerspecific HCP1 expression induced by high concentrations of ROS was associated with cancer-specific porphyrin accumulation, which presented us an ideal cancer therapy, PDT. (6) We evaluated the relationship between increased mitROS after IND treatment and HCP1 expression by using immunostaining assays. HCP1 was upregulated in RGK1 cells by pretreatment with IND, whereas this In RGM1 cells, expressions of HCP1, uptakes of HP, and PDT effects with DMSO treatment were significantly greater without than with IND. In our previous study, IND treatment was associated with changes in MnSOD levels; thus, these phenomena could be explained by the enhancement of MnSOD expression or the induction of other defense mechanisms in response to oxidative stress. (8) On the contrary, DMSO treatment with IND showed significantly higher values than that without IND treatment in the expressions of HCP1, uptakes of HP, and PDT effects in cancer cells. As mentioned above, RGK1 cellular intensity of ESR spectra after IND treatment showed a definite increase in comparison with that without IND. This phenomenon suggests that the cancer cells were unable to upregulate MnSOD or other defense factors against oxidative stress because these mechanisms had already been maximally induced. In this study, we concluded that cancer cells cannot contend with the oxidative stress induced by IND treatment.
Shayeghi et al. (18) reported that hypoxic conditions upregulated HCP1. In hypoxia, hypoxia inducible factor (HIF) was stabilized; thereafter, this protein, especially HIF-1, was associated with abundant signaling of genes and expression of proteins, including HCP1 expression. (18, 19) Furthermore, Chandel et al. (20) reported that generation of mitROS was accelerated during hypoxia and the overproduced ROS were necessary to stabilize HIF-1α, a subunit of HIF-1. Thus, HCP1 is likely to be mainly expressed in cancer cells because neoplastic environments tend to be hypoxic and cancer cells generate more mitROS than do normal cells. (6, 13) In addition, reinforcement of mitROS generation by IND may further stabilize HIF-1 and contribute to overexpression of HCP1.
Meanwhile, Mateo et al. (21) reported that high concentrations of nitric oxide (NO) generated both exogenously and endogenously affect stabilization of HIF-1α, even in normoxic conditions. In addition, Weidinger et al. (22) have elucidated that although endogenous NO is generated by inducible NO synthase (iNOS), mitROS are involved in expression of iNOS and the NO production cycle. Accordingly, upregulation of iNOS by mitROS may promote a larger amount of NO production, resulting in overexpression of HCP1 because of stabilization of HIF-1α induced by NO. IND may contribute to the expression of HCP1 by such a signaling pathway.
In conclusion, we clarified that mitochondrial ROS induced by IND activate the expression of HCP1, a transporter of porphyrin compounds, and enhance the cancer-specific effects of PDT. We are currently studying the details of the signaling pathway involved in IND treatment in cancer cells. 
